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Strange Tribaryons as X-Mediated Dense Nuclear Systems 
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We discuss the implications of recently discovered strange tribaryons in *He(stopped-Jsr~,p)S*'(3115) and 
''He(stopped--ft'~ , n) S^(3140) within the framework of deeply bound K states formed on shrunk nuclear cores. 
S^(3140) corresponds to T = ppnK~ , whereas S''(3115) to T = 1 pnnK~ , which is an isobaric analog state of 
pppK~ , predicted previously. The observed binding energies can be accounted for by including the relativistic 
effect and by invoking a medium-enhanced KN interaction by 15%. We propose various experimental methods 
to further study these and related bound systems. 



1. Introduction 



In a series of publications in recent years 
|1I2I3I4I5I()| , we have predicted deeply bound nar- 
row K nuclear states based on bare KN inter- 
actions, which were derived from empirical data 
{KN scattering and kaonic hydrogen) together 
with the ansatz that A1405 is a bound state of 
KN . The presence of such hitherto unknown 
kaonic nuclear states results from a very attrac- 
tive KN interaction in the / = channel, which 
persists to be strong for discrete bound states of 
finite nuclei, and causes not only a strong binding 
oi K~ in proton-rich nuclei, but also an enor- 
mous shrinkage of K-hoxmA nuclei despite the 
hard nuclear incompressibility. Thus, a K pro- 
duces a bound state with a A'-mediated "con- 
densed nucleus" , which does not exist by itself. 
For example, ppK~ with a total binding energy 
of -Ek = 48 MeV, ppuK' with -Ek = 118 
MeV, and pppK- with -Ek = 97 MeV. The cal- 
culated rms distances in the ppnK~ system are: 
Rnn = 1-50 fm and R^-n — 1-19 fm, whereas 
Rr-n — 1-31 fm in A1405. The NN distance in 
ppnK^ is substantially smaller than the normal 
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inter-nucleon distance (~ 2.0 fm), and the aver- 
age nucleon density, = 3.1 xpo, is much larger 
than the normal density, po ^ 0.17 fm^^. An 
observation of such a deeply bound state would 
not only confirm the underlying physics frame- 
work, but would also provide profound informa- 
tion on an in-medium modification of the KN 
interaction, nuclear compressibility, chiral sym- 
metry restoration, kaon condensation regime and 
possible transition to a quark-gluon phase. Here, 
the predicted values for the separation energies 
and widths will serve as bench marks to examine 
the above problems. 

An experimental search for ppnK~ in the 
^He(stopped- iiT", n) reaction ^ was carried out 
by experimental group E471 of Iwasaki et al. at 
KEK. The first evidence was found in the proton- 
emission channel |7j, 

^He(stopped-i^-,p)[A^'iViVK]^Z° : S°(3115),(l) 

where a distinct narrow peak appeared at a mass 
of M = 3117±5 MeV/c^ with a total binding en- 
ergy (separation energy of K^) of Sk — —Ek = 
-{M - Mp - 2M„ - Mk-)c^ = 194 ± 5 MeV 
and a width of less than 25 MeV. This state, 
populated in reaction has a unique isospin, 
(T, Ta) = (1,— 1). It was an unexpected discov- 
ery, since the T — 1 bound state of K~ on a tri- 
ton {(ppnjT =1/2) hf-d been predicted to be shal- 
low and broad 1 . On the other hand, an ex- 
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otic T = 1 pppK" state with Sk = 97 MeV had 
been previously predicted j2i5) , and the observed 
S°(3115) can be identified as its isobaric analog 
state. 

An indication of another species was observed 
in the neutron-emission channel 

'^Reistopped- K-,n)[N'NNK]^Zl ■ S^(3140),(2) 

in which a peak corresponding to a total mass of 
M = 3141 ± 6 MeV/c^ with a total binding en- 
ergy of Sk + BEi^Re) = -Ek = -{M -2Mp~ 
M„ - Mk-)c^ = 169 ± 6 MeV and a width less 
than 25 MeV was revealed. This can be identified 
as the originally predicted T = ppnK~. Sur- 
prisingly, the observed total binding energies of 
both S"(3115) and Si(3140) (194 and 169 MeV, 
respectively) are much larger than the predicted 
ones (97 and 118 MeV, respectively). Further- 
more, the former T = 1 state lies below the latter 
T = state, contrary to a naive expectation. 

In the present paper we show that these sur- 
prising observations can be understood within 
the framework of deeply bound K nuclei. 

2. Spin-isospin structure of strange trib- 
aryons 

Let us first discuss what kinds of states are 
expected to be low lying in the strange trib- 
aryon system. The nomenclature we adopt, 
[N' N N K]^j, rp^y with Q being a charge and 
(T, T3) a total isospin and its 3rd component, per- 
sists no matter whether the constituent K keeps 
its identity or not. We also use a conventional 
charge-state configuration, such as ppnK~, for 
representing an isospin configuration without any 
loss of generality. The first two nucleons occupy 
the ground orbital (Os), whereas the third nucleon 
{N') in the case of Tjv nn = 3/2 has to occupy an 
excited orbital (the lowest one is 0^3/2)- An over- 
all view of the tribaryon system together with the 
experimental information is presented in Fig. ^ 

Intuitively speaking, the level ordering depends 
on the number of strongly attractive / = KN 
pairs in each state. Thus, it is instructive to count 
the projected number of pairs in the K-mic\ens 
interaction in each state. The originally pre- 
dicted T — state (ppnK^) has partial isospins 



of T/vjv = 1 and Tpfpf^ = 1/2 and spin and par- 
ity (including that of K) of = l/2~, in which 
the attractive interaction is represented by 



(3) 



yiT=0) ^ 3 /^0 
^N'NN-K 2 

In this case, the bound "nucleus" is a shrunk 
{ppn)rp^il2- For T = 1, on the other hand, there 
are four possible configurations, and the most fa- 
vorite state is a linear combination of two config- 
urations with T^jv' = IjTnn = IjTn'nn = 3/2 
and with T^ni = 0,T;vAr = IjIat/jvjv = 1/2, in 
which the attractive interaction is represented by 



yiT=l) 
N'NN-K 
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(4) 



the attractive in- 



teraction for the T = 1 state amounts to ~ 2 
which is larger than that for the T = state. 
This is a key to understanding the level ordering 
of the T = 1 and T = states; in the former, the 
stronger ^-core interaction tends to compensate 
for the large internal energy of the r/vArjv =3/2 
core. 

The predicted pppK^ state corresponds to 
this lowest T = \ state. The "core nucleus" 
that is bound by is not at all like a tri- 
ton {[pnn]J'^l/2)^ but is close to a non-existing 
ppp. Figure ^ shows an overview of the lowest 
T = 1 (isospin triplet) and T = states, to- 
gether with the originally predicted energy lev- 
els and density distributions of [ppnK~]T=o and 
[pPPK~]t=i (upper part) and the observed en- 
ergy levels in this framework (lower part). Now 



has been observed as 



that [NNNK]'^-l^^^^ _^^ 

S°(3115), another isospin partner S^^j, rp_^^^^^ 
should also exist, and is expected to appear in a 
spectrum of '*IIe(stopped-i4r~, n) with a marginal 
strength |H]. 

It should be noted that the larger number of 
attractive KN^^^ in the T = 1 state may cause 
a lowering of the T = 1 state, even below the 
T = state, although the third nucleon in the 
T = 1 state should be fiipped up to the excited 
orbital (0^3/2)- In the following we discuss this 
possibility by addressing the following questions: 
1) the nuclear compression, 2) the relativistic 
effect, 3) the spin-orbit interaction, and 4) the 
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Figure 1. Spin-isospin structure of the strange 
tribaryon system [{NNN)K]'^j,j,^y The previ- 
ously calculated nucleon-density contours and en- 
ergy levels with Ek values are shown on top. The 
observed S°(3115) and 8^(3140) are identified as 
the (T,T3) = (1,-1) and T = states, respec- 
tively. 



possibility of a medium modification of the bare 
KN interactions. 



3. Relativistic effect on K binding 

The calculations so far made were based on 
a non-relativistic (NR) treatment of many-body 
systems. For very deeply bound K, however, rel- 
ativistic corrections are indispensable. In this 
respect it is important to recognize that the 
K bound system is a very peculiar one in which 
the K is bound by a non-existing fictitious nu- 
cleus, namely, a shrunk nuclear core with a large 
internal energy (compression energy, Ai?coic)- 
Thus, to avoid confusion, it is convenient to di- 
vide the total K potential ("separating" poten- 
tial) into the core part and a K-core "binding" 



Figure 2. Relation between the Schrodinger en- 
ergy (es) and the KG energy (ekg)- Aerc = 
£kg ~ £s is the relativistic correction. 



potential as : 

UK{r) = ASeorc (r ) + [/^f_corc (^) • (5) 

We distinguish between the separation energy of 
K (Sk) and the K binding energy {Bk = 

~-^i?-coio)- 

- Sk =< Ai?coic > +£';f_coro: (6) 

where < AE'corc > is an expectation value of the 
core compression energy with respect to K dis- 
tribution. The calculated shrunk-core energy 
(AiJcorc (r)), -ftT-core potentials (C/;?_coro('')) and 
i^T-core binding energies (— -E/f _coro) i^^ the T = 
state are shown in Fig. 

The relativistic effect can be taken into account 
by using a linearized Klein-Gordon (KG) equa- 
tion for K, 

\-^^' + UR^corc] l<f) - f^KG + :^^) \<f). (7) 

L 2mK J V 2mKC^ J 

where £kg (= -£'i?-corc) is the energy of K with- 
out its rest-mass energy, and tuk the rest mass 
of K. The optical potential, U^-core^ is given on 
the assumption that A" is in a scalar mean-field 
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provided by the shrunk nuclear core. When we 
make a transformation of the KG energy as 



ekg + 



-KG 



(8) 



Eq.Q becomes equivalent to a Schrodinger-type 
equation with an energy solution of eg. Thus, the 
KG energy can be estimated from a Schrodinger 
solution, which we obtain in the NR calculation, 
by using 



£kg = rnKC 



1 



2£s 
tukc^ 



1 



(9) 



This "exact" relation means that, when the 
Schrodinger energy (es) drops down to —mKC^/'2., 
and the relativistic energy becomes —tukc^, 
namely, the total mass becomes ( "kaon conden- 
sation" regime), as shown in Fig. 13 

In this "mapping" treatment, we also made 
consistent corrections on the threshold energies 
of A + TT and E + tt and the complex energy of 
Ai405, and obtained re-fitted KN interaction pa- 
rameters. It is to be noted that, since the inter- 
nal energy of the shrunk nucleus is so large, the 
UR-cove for the KG equation is very deep. Thus, 
the relativistic treatment gives a substantial neg- 
ative correction to the energy -Eif -core- 
Let us consider the case of [NNNK]t=o- The 
original NR total binding energy, Ek = —118 
MeV, was readjusted to —111 MeV after tak- 
ing into account the relativistic effect on the KN 
binding in A1405. The nuclear core energy from 
the core shrinkage is < AE'coro >~ 50 MeV. 
Thus, we obtain Vq -570 MeV, Wq = 18 MeV 
and aK = 0.923 fm in the expression for the K- 
core potential as 



U 



i^— core 



(r) = {Vo+iWQ) exp 



r 

UK 



(10) 



In this case, the relativistic correction is —23 
MeV, yielding Ek = -134 MeV. The total bind- 
ing energy is still smaller by 35 MeV than the 
experimental value, 169 MeV. 

Next, we consider the case of [NNNK]t=i- 
This state has a larger < Ai?coro > than the 
T = state, because the energy to excite one 
nucleon from the Os shell to the Op is estimated 



, . Core polarization 
.fj^core^n due to shrinl^age 



3 '■ [fm] 




( With slirinkage" 
Bare KN int. without enhancement 

Bare KA/int. with enhancement by 15% 

(Effective KN int. witfi enhancement by 8%) 



Figure 3. 



UR-coreir), for the T 



Calculated K-cove potentials, 
ppnK~ state in three 
cases: without shrinkage, with shrinkage with the 
original bare KN interaction and with an en- 
hanced bare KN interaction by 15%. The rel- 
ativistic effects on the ^-core binding energies 
{Ek-cotc) indicated by arrows. Also shown is 
the nuclear core energy, AEcoicif) , with an aver- 
age value (< AE'coro >)■ 
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to be 50 MeV. Thus, starting from the NR result, 
we obtain a deeper ^-core potential, Vq = —652 
MeV and Wo = -12 MeV, and the K binding 
energy is subject to a large relativistic correction, 
Aerc = -46 MeV. 

Roughly speaking, the relativistic effect ac- 
counts for about half of the discrepancies in Sk- 
It is to be noted that this large correction is a 
consequence of a shrinkage of the nuclear core. 
Namely, the large < Ai?core > (compression en- 
ergy), which translates into a larger negative 
K potential (?7if _corc)i causes a larger relativistic 
correction. However, the resulting total binding 
energy (143 MeV) is still smaller than the ob- 
served one (194 MeV). 

4. Spin-orbit splitting 

In the r = 1 state the third nucleon occupies a 
0p3/2 orbital and behaves like a compact satellite 
halo [5], as shown in Fig. 1. In our previous pre- 
diction we neglected the spin-orbit splitting be- 
tween 0p3/2 and Opi/2- Here, we note that the 
one-body spin-orbit interactions may give a large 
contribution for a shrunk nucleus, because it de- 
pends on the gradient of the nuclear surface. To 
estimate the effect of the one-body spin-orbit in- 
teraction, we used the well known Thomas-type 
I • s potential, 

1/ ( \ n-^ 2 d r twoi .... 

V^.(0 = -(^^)^-^ln[l + ^^J, (11) 

and found that Ai;(J^ = 3/2+) ~ -5 MeV and 
AEiJ"" = 1/2+) ~ 10 MeV in the case of a 
shrunk Op orbital. 

A further contribution is expected from the 
nucleon-nucleon two-body spin-orbit interaction 
{NN LS interaction), because it is known to 
be attractive enough to cause the ■^P2 pairing in 
dense neutron matter 0. We calculated the ex- 
pectation value of the sum of the NN LS inter- 
action among the nucleons. Here, we used the ef- 
fective LS interaction derived from the Tamagaki 
potential (OPEG) with the (7-matrix method, 
similarly to our previous studies jll3l4l5| . Fig. ^ 
shows the behavior of the NN LS contribution in 
the pppK~ when the rms radius (i?rms) is varied. 
The contribution of the NN LS interaction in- 




Figure 4. Spin-orbit energy, AE{J'' = 3/2+), 
in pppK-iJ"" = 3/2+, r = 1) from the NN LS 
contribution as a function of i?rms, the root-mean- 
square radius of the nuclear system. 



creases rapidly as the system becomes small. The 
magnitude of AE{J'^ = 3/2+) is found to increase 
to ~ 15 MeV in the shrunk system, whereas it is 
only ~1 MeV in the normal-size nuclei. 

Thus, the spin-orbit interactions of both kinds 
make the T = 1 energy even lower. It is im- 
portant to find a spin-orbit partner, J'^ = 1/2+, 
which will give an experimental value of the spin- 
orbit splitting in such a dense nuclear system. 
From this one can obtain information about the 
size of the shrunk T = 1 state. According to 
our calculation, the spin-orbit splitting energy is 
E{l/2+) -E{3/2+) = -3AE{3/2+) -60 MeV. 

5. Medium-modified KN interaction 

There are still large discrepancies in Sk be- 
tween theory and observation, even after a rel- 
ativistic correction. They can now be ascribed 
to a medium-modified bare KN interaction that 
may occur in such a dense nuclear medium. In 
the present case, the average nucleon density, 
< p{r) >~ 3 X poj approaches the nucleon com- 
paction limit {pc 2.7 po), where a chiral sym- 
metry restoration may occur. Similar to the case 
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of the observed pionic bound states [KJIllj . the 

KN interaction is related to the order parame- 
ter of the quark condensate and is expected to be 
enhanced as chiral symmetry is restored. Thus, 
we tuned the bare KN strength by a small fac- 
tor, and recalculated the total binding energies 
to find the most suitable enhancement parame- 
ter. Since this modification causes a change in 
the relativistic correction, we iterated all of these 
corrections consistently. The following enhance- 
ment was found to account for both 8*^(3115) and 
8^(3140) simultaneously: 

KN , , 

-= — z 1-15. 12 

The final results after this tuning are also pre- 
sented in Fig. 01 The i^-core potential strength, 
Ur-covc, is now -618-i 11 MeV with qk = 0.920 
fm for the T = state. 

Using the enhanced KN interaction strength 
and also taking into account the relativistic effect, 
we recalculated the binding energy and width of 
the most basic K nuclear system, ppK~ . The 
results are M = 2284 MeV/c^ {Sk = 86 MeV) 
and r = 58 MeV, in contrast to the original non- 
relativistic values, M = 2322 MeV/c^ {Sk = 48 
MeV) and T = 61 MeV. It is important to find 
this state experimentally so as to establish a solid 
starting gauge for more complex K bound sys- 
tems. 



6. Energy difference among the isotriplet 
states 

Although the observed T = and T ~ 1 states 
support the theoretical expectation for nuclear 
shrinkage, a direct experimental verification, if 
possible, would be vitally important. We exam- 
ine the energy difference of the isobaric analog 
states of the isotriplet, which is related to the 
strong-interaction mass term and the Coulomb 
displacement energy as 

A£;sum(T3) - AEn,ass{T3) + Ec{Tz). (13) 

We estimated the mass term. Admass, as the devi- 
ation of the sum of the constituent particle masses 



Table 1 

Energy differences in the isotriplet states. 
AE'inass, constituent rest energy (relative); 
^^Couiomb, Coulomb energy; i^sum, total energy 
difference (relative). All in MeV. 



(T,T3) 


(1,1) 


(1,0) 


(1,-1) 


Q 


2 


1 





Charge states 


pppK~ 


ppnK^ 


pnnK^ 




ppnK^ 


pnnK'^ 


nnnK^ 




-2.4 


-0.7 


2.4 


(total) 


-0.6 


-1.3 


-0.7 


Eg{NN) 


3.7 


1.1 





EciKN) 


-4.3 


-2.4 


-0.7 


Ai?sum 


-3.0 


-2.0 


1.7 



ij), 71, Kq and K ) from the central value by us- 
ing the calculated isospin eigenstates in terms of 
the charge states (the (r,r3) = (1, 1) and (1,-1) 
isospin eigenstates have mixtures of 70% pppK~ 
+ 30% ppnK^i and of 30% pnnK~ -f 70% nnnKo, 
respectively). The values of /S.E{T^) are listed in 
Table HI 

For estimating Eq we calculated the Coulomb 
energy of each particle pair using the total wave- 
function. The results, presented in Tabled show 
that the Coulomb energies of the NN and KN 
pairs are and —0.7 MeV, respectively, for the 
T3 = — 1 state, whereas they increase in magni- 
tude to 3.7 and —4.3 MeV, respectively, in the 
T3 = 1 state, which are, however, nearly cancelled 
by each other. Thus, the total Coulomb ener- 
gies for the two isospin states remain nearly 
zero. On the other hand, a naive estimate 
of the Coulomb energy assuming a uniformly 
charged sphere for a fictitious pppK~ would give 
^0(^3 = l)-£;c(T3 = -1) ~ (3/5)Q2e2/i? ~ 2.1 
MeV, if one takes i?rms — 1-61 fm, the ordinary 
nuclear radius for A = 3. The different cases can 
be distinguished experimentally, if the two (or 
three) isobaric analog states are produced and 
identified. In the next section we propose some 
experimental methods. 

8. Role of Ai405 in the population 

In the '*He(stopped-if^,p) reaction with 
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proton-out 



initial state 

[4He + K"] 

• l<" 

p p n n 



Osl/2 
[{pnn)T.i/2K"]T=l 
shallow 



neutron-out 



^J- [{ppn)T.,/zK"]T=0 
deep 
doorway state 

[3H + Aims] 

Al405 



proton-out 



Op3/2-#- 

Osl/2 

[(pnn)T.3/2 K"]T=1 
deep 



neutron-out 



Op3/2-^ 

Os1/2 ^0 

[(ppn)T.3/2 K~] T=l 
deep 



Figure 5. Population mechanism of the 
[N'NNK]t=i through the A1405 doorway in 
''He(stopped-ii'~ ,x). 



Auger-proton emission, the three nuclcons in the 
target ^He are expected to remain in the Os or- 
bital. Then, why can the T = 1 state with a 
shrunk core of T = 3/2 be populated? The key 
to understand this process is the role of A1405 
(= A*) as a doorway; the formation of A* in the 
K~ absorption at rest by "^He is known to oc- 
cur with a substantial branching ratio ^12_. This 
doorway state can lead to core excited K states: 



K 



A* 



A* 



[ipnn)T=3/2K' 
[{ppn) 



T=3/2 



(14) 
P, (15) 
]T=i+n, (16) 



where the proton from A* = pK^ falls onto the 
Op orbital, as shown in Fig. Likewise, the 
doorway A* leads to many other K bound states, 
such as A*p — + ppK^, as emphasized in |2I13) . 

9. Future experiments 

A direct reaction to produce pppK~ via 
^lie{K~ ,7T~) and '^He(7r+, iiT"*") was proposed in 
PI- Spectral functions ("effective nucleon num- 



bers") in the missing mass, as shown in Fig. El 
were calculated based on the A1405 doorway 
model. The spectrum shows the spin-orbit pair 
(J'^ =3/2+ and 1/2+) states with a calculated 
splitting of 60 MeV. Such a pair, if observed, 
will give important information on the size of the 
system. 

Another way to produce pppK^ is to use a cas- 
cade reaction in a light target (say, ^He), such as 



p "n" 
A* + ''ppn" 



A* + X" 
pppK~ - 



(17) 
(18) 



In the second process, the energetic "doorway 
particle" , A1405 , produced by an incident pro- 
ton of sufficiently large kinetic energy, knocks on 
one of the remaining nucleons and/or hits the 
remaining nucleus to form a kaonic bound sys- 
tem ( " X-transfer" reactions). A* compound pro- 
cesses induced by {K~ ^tt^) and (7r+,_R'+) may 
also produce kaonic systems. Recently, it has 
been pointed out that a fireball in heavy-ion col- 
lisions can be a source for kaonic systems 0. In 
all of these reactions one can identify a K clus- 
ter by invariant-mass spectroscopy following its 
decay, such as 



pppK p + p + A. 

10. Concluding remarks 



(19) 



In the present paper we have shown that 
the observed strange tribaryons, 8^(3115) and 
8^(3140), can be understood as the {T.T^) = 
(1,-1) and T = N'NNK bound states with 
shrunk nuclear cores ofT = 3/2, J — 3/2 and 
T = 1/2, J = 1/2, respectively. The fact that 
S''(3115) lies below 8^(3140) strongly supports 
the prediction that the three nucleons are in a 



"non-existing nucleus" {N' NN)j'=3/2 



/2,J=3/2 



with 



which the attractive / = KN attraction is 
maximal. The spin-orbit splitting, enhanced in 
a condensed nucleus, helps to further lower the 
T = 1 state. The observed binding energies, 
which are substantially larger than the predicted 
non-relativistic values, are partially accounted for 
by the relativistic effect on the K and partially by 
invoking an enhanced bare KN interaction. The 
enhancement may indicate a partial restoration 
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Figure 6. Spectra (iVofr) of (7r+,if+) reactions 
at = 1.5 GeV/c on d and '^He as functions of 
Ek - [M(yl- 1) + A/(Al405)]c^ calculated based 
on the A* doorway model. Not only the J'^ = 
3/2+ state, but also its spin-orbit partner (1/2+) 
with a splitting of 60 MeV are incorporated. 



of chiral symmetry and/or a transition to a 11- 
quark-gluon phase. The observed deep K binding 
indicates that the system is approaching the kaon 
condensation regime |14ll5j . These discoveries 
have demonstrated that narrow deeply bound 
states of K exist, as we have predicted, in con- 
trast to the prevailing belief and claim for a 
shallow K potential jl6ll7| . which may apply to 
unbound continuum systems. 
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